A high-stroke micro-actuator array was designed, modeled, fabricated and tested. Each pixel in the 4x4 array consists of a self-aligned vertical comb drive actuator. This micro-actuator array was designed to become the foundation of a micro-mirror array that will be used as a deformable mirror for adaptive optics applications. Analytical models combined with CoventorWare® simulations were used to design actuators that would move up to 10 m in piston motion with 100V applied. Devices were fabricated according to this design and testing of these devices demonstrated an actuator displacement of 1.4 m with 200V applied. Further investigation revealed that fabrication process inaccuracy led to significantly stiffer mechanical springs in the fabricated devices. The increased stiffness of the springs was shown to account for the reduced displacement of the actuators relative to the design.
I. INTRODUCTION
Adaptive optics are used to correct for variable aberrations in optical systems. For instance, in astronomical imaging from ground-based telescopes, adaptive optics are used to correct for the aberrations introduced by the Earth's atmosphere. In other optical systems the aberrations that need to be corrected could be caused by optical fabrication errors, thermally induced distortions [1] , or in the case of vision science, aberrations that are inherent in the human eye [2] .
A deformable element is required in an adaptive optics system to "correct" the wavefront that has been distorted by these aberrations. Each adaptive optics (AO) application has its own set of requirements for this deformable element. In the case of a vision science AO system, the requirements can be seen in Table 1 [3] .
Number of Actuators
Actuator Range
Operating Frequency Surface Quality
Fill Factor Reflectivity visible, IR Aperture ~200 ~10 m > ~100 Hz < ~20 nm > ~97% > ~ 80% ~ 10 mm
The ultimate goal of our work is to model, design, and fabricate a micromachined segmented deformable mirror using silicon technologies developed in IC fabrication to make large-stroke (10-15 m) micro-deformable mirrors for adaptive optics that can be used for vision science applications. Previous work has been done on high stroke microdeformable mirrors using bulk micromachining [4] [5] [6] , surface micromachining using bimorph actuators [7] , magnetic actuation [8] and thermal actuation [9] . Our current goal is to use silicon micromachining processes with self-aligned vertical comb drives as our means of actuation for this project. It has been shown that large forces can be produced with this type of actuator, which allows a large vertical displacement to be realized with a low voltage applied [10] . This type of actuator has also been used to fabricate many different types of scanning micromirrors [11] [12] [13] [14] [15] [16] [17] [18] [19] . 
II. ACTUATOR ELECTROMECHANICAL MODELING AND SIMULATIONS
Vertical comb drive actuators are attractive because of the amount of force they generate relative to other designs. In previous work on micro-machined deformable mirrors, electrostatic parallel plate actuators have been used [20, 21] . The force on a parallel plate actuator is:
where is the permittivity of free space (we assume the gap between plates is filled with air), A pp is the plate area, V is the voltage applied between the plates, d is the initial gap. This type of actuator can be seen in Figure 1 .
The electrostatic force of a vertical comb drive structure is:
where N is the number of comb pairs, is the permittivity of free-space (again, we assume the gap between comb teeth is filled with air), h is the length of the comb teeth, V is the voltage applied the two sets of comb teeth, and g is the gap between the comb teeth. This type of actuator can be seen in Figure 2 .
If we take the ratio of these two forces:
we find, using a vertical comb drive structure that has been designed to have an area (wh) of (885 m) 2 , that we are able to achieve F cd / F pp = 21, showing that combdrives are superior to parallel-plate actuators for this application. 
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Analytical Modeling: For this project, we are interested in the voltage versus displacement (z) characteristics of the vertical comb drive device. Using F cd = k z z , where k z is the spring constant of the mechanical structure in the zdirection and z is the displacement, Equation (2) becomes:
Studying Equation (4), we find that there are many factors that influence the displacement versus voltage characteristics of our device. N, h, and g are drawn features in our process masks. k z is determined by the mechanical spring that we use. Balancing all of these factors, we decided that a folded spring would be the preferred design for a mechanical spring for our actuator. This type of spring is shown in Figure 3 . 
Taking into account that we have four cantilever beams, our effective spring constant for the folded spring design becomes:
Using Equation (6) in combination with Equation (4) CoventorWare® Modeling: To complement our simple analytical models, we used a commercial 3-D multi-physics numerical analysis software package to verify our previous modeling results. The software that we chose was CoventorWare® modeling software. The 2-D representation of our actuator structure is found in Figure 3 
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y and z-directions, were put in place on the meshed model. Electro-mechanical modeling was then performed on the structure with a range of voltages. Results from this modeling can be found in Figure 6 . The voltage vs. displacement results for the folded-flexure design using both the analytical spring model and the CoventorWare® electromechanical model are shown in Figure 7 .
III. FABRICATION
The fabrication process is shown in schematic form in Figure 8 are shown in Figure 8 (a). This mask is etched using a STS DRIE through the full 25 m thick device layer. After this is complete, the wafer is cleaned using 3 H 2 SO 4 : 1 H 2 O 2 for 10 minutes. A thermally oxidized wafer (0.5 m thick) is then bonded to this SOI wafer and put in an oxidization furnace for ~ 2 hours. After this bonding is complete, a lowtemperature oxide (LTO) is deposited to be used as an etch mask. The LTO is 1.5 m thick. The next step (not shown in Figure 8 ) is to open alignment marks on the edge of the wafer so that our mask for the top comb teeth will align with the course comb teeth already etched. That is done with Align Mask A. After these areas are opened, Mask 2 is aligned. Mask 2 contains all of the comb teeth and the springs that are to be etched. Because all of the comb teeth are combined in the same mask, there is no critical alignment necessary. The alignment accuracy needed is g/2 [14] . After the 1.5 m thick LTO has been etched fully using Mask 2, the mask is stripped and Mask 3 is applied. This mask covers the LTO that is over the top comb teeth. It allows the LTO that is above the bottom teeth and the springs to be thinned to ~0.5 m thick. These two steps are combined in Figure 8 (c) . The advantage we have in using LTO as our masking layer is that we do not have to define fine features on a wafer with deep topography. We are able to define our features with just the LTO patterned, which at 1. m thick is much thinner than the ~40 m thick top comb teeth. This dual-layer mask is very important to this process flow. In Figure 8 (d) we see the first DRIE etch using the dual layer mask shown in Figure 8 (c). The LTO masking oxide and the thermal oxide between the combs is then etched, as shown in Figure 8 (e). Then, the bottom combs are formed by another DRIE etch. The springs are also thinned during this process. This thinning is important for our design as it allows our device to achieve the large displacement with low voltages as shown in the modeling section above. After the fabrication was complete, testing was done to find the experimental voltage versus displacement relation for this actuator.
IV. EXPERIMENTAL RESULTS
The actuators shown schematically in Figure 8 were fabricated and tested. ,..-, The next step was to quantify the movement of these actuators and compare them to the theoretical motion that was described in previous sections. Before this was done, we examined the fabricated structures using a SEM. The SEM pictures of the spring and the bottom and top comb teeth are found in Figure 10 . We had found, using a Tencor surface profilometer, that the springs had not been thinned as much as we had originally designed them to be. In other words, t b in Equation (6) was not 5 m as we had designed, but was instead 18 m. We were able to verify this result with the SEM picture. So, our theoretical voltage vs. displacement also changed because our k z value changed. We also had noted that the gap between the comb teeth also increased from a drawn 6 m to 7 m during processing. This measurement was done with a calibrated optical microscope. This was also confirmed with the SEM picture.
An example of our displacement measurements is shown in Figure 11 . The fabricated actuator had a potential difference applied between the top and bottom comb teeth. As each voltage was applied, data was collected from interferometric measurements. The displacements could be obtained by measuring the displacement of the actuator compared to the non-moving edge. An example of this is shown in Figure 11 (a). From these images, line scans were made through the stationary and moving portion of the actuator. An example of the results is shown in Figure 11 (b), which demonstrates how the actuators move when a potential difference is applied between the comb teeth. Figure 12 shows the revised voltage versus displacement characteristics that are predicted, after taking into account the observed thickness increase of the spring structures, with both the analytical and the CoventorWare® model of the springs. Figure 12 also shows the experimental results from the data obtained from the Wyko interferometer. Comparison of the data and theory demonstrate that both models for our folded flexure spring agree well with our experimental voltage versus displacement data.
V. FUTURE WORK
These prototype actuators were designed to be the foundation for a micro-mirror array that would be used as a deformable mirror for adaptive optics applications. In order to accomplish this, it is necessary to bond another silicon wafer on top of the actuators. Additional processing is then required to release and segment the mirrors. In all, this becomes a six-mask process with four masks to make the mechanical-electrical-optical structures and two for aligning purposes. We also plan to modify the actuator fabrication process in order to produce thinner springs, as originally designed. This will allow us to achieve the 10 m stroke in a micro-actuator that is crucial for this application.
VI. CONCLUSION
A high-stroke micro-actuator array was designed, modeled, fabricated and tested. Each pixel in the 4x4 array consists of a self-aligned vertical comb drive actuator. This micro-actuator array is designed to be the foundation for an array of micro-mirrors to produce a deformable mirror for adaptive optics applications.. Analytical modeling of a folded spring actuator was performed as well as system modeling using CoventorWare® to determine the theoretical voltage versus displacement characteristics of this actuator. Both modeling techniques determined that the voltage versus displacement specifications for a large-stroke device suitable for vision science application would be met, m of displacement for 100V applied between the vertical comb drive actuators. Using these models as a guide, a fabrication process was developed. As performed, the fabrication process resulted in springs that were thicker, and consequently stiffer, then originally planned. The fabricated springs allowed a displacement of 1.4 m when 200V was applied. Process development is ongoing to produce devices with thinner springs, in order to achieve the design displacement, and to attach mirrors to the actuator arrays. 
